Summary Native osmium from two different placer occurrences (i.e., Ingaringda and Burlakovsky) within the Guli Massif, Maimecha-Kotui Province, was evaluated for mineral compositions that show systematic differences between the localities. Grains of native osmium show increases in iridium towards the rim, and nuggets consisting of aggregates define trends of preferential substitution of osmium by iridium. A statistically reliable difference in Os/Ir ratios between the two studied placers can be demonstrated. From textural and compositional characteristics it is concluded that the native osmium of the Burlakovsky placer formed at temperatures higher than can be assumed to be reasonable for crustal conditions. The difference in the Os/Ir ratios between the two placers can be attributed to fractional crystallization of native osmium either in the mantle source, which was tapped in different events to form the Guli Massif, or to decreasing Os/ Ir values during crystallization under crustal conditions after intrusion of the silicate melt(s).
Introduction
According to the presently accepted nomenclature (Harris and Cabri 1991) , the Os-rich alloys in the placers of the Guli Massif (Balmasova et al. 1992; Malitch and Lopatin 1997b; Malitch et al. 2002) are to be called osmium. To avoid confusion with osmium as an element, we will refer to the mineral grains as native osmium. Native osmium has been described in situ from ophiolites (Dmitrenko et al. 1985; Legendre and Augé 1986; Augé and Johan 1988; Ohnenstetter et al. 1991; Ohnenstetter 1992; Melcher et al. 1997; Augé et al. 1998; Garuti et al. 1999; Melcher 2000; Zaccarini et al. 2005; Ahmed 2007; Shi et al. 2007; El Ghorfi et al. 2008; Kapsiotis et al. 2009; Uysal et al. 2009; Gonzalez-Jimenez et al. 2010 and references cited therein) layered intrusions (Cabri and Laflamme 1988; Balabonin et al. 1994; Merkle 1998) , and predominantly from placer deposits all over the world (Feather 1976; Cabri et al. 1996; Malitch 1996; Krstić and Tarkian 1997; Nakagawa and Franko 1997; Gornostayev et al. 1999; Weiser and Bachmann 1999; Weiser 2002; Malitch and Merkle 2004; Barkov et al. 2005; Tolstykh et al. 2005 Tolstykh et al. , 2009 among many others). For many placers, the location and type of the source rocks (e.g. an ophiolite) of the osmium-rich alloy grains is completely unknown. In other cases, the petrological characteristics of the source rocks are unknown, even if the placers can be attributed to a known geological body. In all the placers, the native osmium can either be found as single grains or, predominantly, as lamellae and inclusions in grains of Pt-Fe alloys (Cabri et al. 1996) . Obviously, the textural differences and assemblages imply distinct particularities during formation.
Huge databases of microprobe analyses of osmium-rich Os-Ir-Ru(±Pt±Rh) alloys are available in the literature (Feather 1976; Dmitrenko et al. 1985; Cabri et al. 1996; Cabri 2002 ) and allow delineation of broad compositional trends. Unfortunately, these databases are not conducive to an evaluation of the genetic reasons behind the chemical variations observed in these minerals. Most native osmium is found in placers (like in the Witwatersrand basin) which derived their material from a large and, in all probability, geologically complex source area (Cousins 1973; Merkle and Franklin 1999; Malitch and Merkle 2004, among others) . Consequently, a large scatter of compositional variation is observed. For instance, the Os-Ir-Ru alloys from the Evander Goldfield, located at the eastern extremity of the Witwatersrand Basin (see Fig. 1 in Malitch and Merkle 2004) , differs from those of the other six goldfields (i.e., East Rand, Central Rand, West Rand, Carletonville, Klerskdorp, and Welcom) in systematically higher Ru contents and different modal proportions of chemically distinct Os-rich alloys. Detailed evaluations of compositional trends of native osmium from a lithologically homogeneous source, that could facilitate the establishment of correlation between systematic substitutions and petrological evolution of the source rocks, are missing.
The Guli Massif in northern Siberia, Russia (Zhabin 1965; Butakova 1974; Vasil'ev and Zolotukhin 1975; Egorov 1991; Malitch 1999 ) contains one of the world's largest resources of osmium metal in numerous river placers (Malitch et al. , 2002 Malitch and Lopatin 1997b) . Owing to the large size of the Guli Massif, and the consistency of relatively restricted range of lithological units over large distances, the Quaternary sediments of numerous rivers in the area can have obtained osmium-rich alloy grains only from a limited variation of rock types in the source area. This affords the opportunity for a systematic investigation of compositional variations of Os-Ir-Ru alloys from individual river placers within the Guli Massif and to compare differences between placers that are due to differences in the source area.
Here we report on the chemical composition of Os-rich alloy garins, which were sampled during prospecting in the area of the Ingaringda river in the southern part of the Guli Massif (Fig. 1) .
Geological background and sample location
The Guli ultramafic complex, located in the MaimechaKotui Province (Vasil'ev and Zolotukhin 1995) in northern part of Siberian Craton, is remarkable for its considerable size. It is controlled by the Taimyr-Baikal and Enisei-Kotui paleorift structures (Malitch 1999) . The complex covers an area of 600 km 2 but geophysical evidence shows that it extends for a total of 2,000 km 2 (Egorov 1991) and is thus the world's largest clinopyroxenite-dunite massif (Malitch and Lopatin 1997a) . Dunite (Fo 85-93 ) predominates, forming a crescent-shaped, plate-like body 30 km long and 10 to 15 km wide covering an area of approximately 450 km 2 , dipping 15°to 20°to the northwest (Fig. 1) . Vein-type bodies of chromitite are abundant at the periphery of the southern part of the massif. Wehrlite and magnetite-rich clinopyroxenite form dikes, stockworks, and lenticular bodies within the dunite. A restricted number of bedrockhosted platinum-group minerals (PGM) in dunite and chromitite have been described by Balmasova et al. (1992) ; Malitch and Rudashevsky (1994) ; Malitch (1999) and Malitch et al. (2003 Malitch et al. ( , 2005 Malitch et al. ( , 2011 .
To the southwest, the clinopyroxenite-dunite complex is overlain by the picrite-meimechite complex, composed of ultramafic rocks (known as meimechites) of the Maimechian volcanic suite and subvolcanic lithologies (Malitch and Lopatin 1997a; Sobolev et al. 2009 ), whereas in its central part stock-like bodies of a 220-240 Ma ijolitecarbonatite complex (Fig. 1) , occupying an area of less than 35 km 2 (Egorov 1991; Kogarko et al. 1995 and references cited therein), are present.
Compared to other clinopyroxenite-dunite complexes the Guli ultramafic massif is characterized by its atypical size (with an exposed area of about 450 km 2 ) with most other complexes being much smaller in size, e.g.~60 km 2 for Tulameen (St. Louis et al. 1986 ),~45 km 2 for Nizhny Tagil (Betekhtin 1961; Efimov 1998) ,~60 km 2 for Kondyor (Rozhkov et al. 1962; Burg et al. 2009 ) or~20 km 2 for Inagli (Rozhkov et al. 1962; Mues-Schumacher et al. 1996) . The ultramafic rock assemblage of the Guli Massif and its significant potential for placer PGM accumulations make it typical of zoned massifs of the Uralian-Alaskan-Aldan type, whereas the huge size of the ultramafic complex, its shape, the lack of concentrically zoned structure, and the common occurrence of refractory Ir-, Os-, and Ru-rich PGM in chromitite and placer deposits are features more consistent to those of ophiolite massifs. It thus exhibits transitional features between typical zoned platiniferous clinopyroxenite-dunite and ophiolitic dunite-harzburgite complexes.
The age of the Guli complex remains a subject of controversy. A recent Pb isotope investigation by Kogarko and Zartman (2007) suggested an age of 251±11 Ma for the entire complex, similar to that previously obtained by 40 Ar/
39
Ar study (Egorov 1991 Zhabin (1965) that the dunite may be much older than other rocks of the Guli area. Finally, Dalrymple et al. (1995) obtained a 40 Ar/ 39 Ar age of 436±2 Ma for biotite from carbonatite of the ijolite-carbonatite conmplex, while U-Pb age of baddeleyite from carbonatite gave a weighted mean of 310.4±2.8 Ma (MSWD=0.61, probability 0.86; n=15, LA MC-ICP-MS, Macquarie University, Australia; unpublished data of K.N. Malitch and E.A. Belousova) .
Sixteen grains of Os-rich alloys were obtained from Quaternary sediments of the Ingaringda River (i.e., prospecting line L-365), and nine grains from the Quaternary sediments of the Burlakovsky Creek (prospecting line Fig. 1 Map of the Guli Massif and the location of the sampling area L-2), the left tributary of the Ingaringda River (Fig. 2) . It is noteworthy that dunite is the only rock exposed in the catchment area of the Burlakovsky stream, while different rock-lithologies (e.g., dunite, chromitite and clinopyroxenite) can be observed in the catchment area of the Inagringda River. This implies that Os-rich grains of different compositions may have been derived from distinct rock sources.
The granulometry of the PGM nuggets at Ingaringda and Burlakovsky is determined by five size classes (in mm): 0.25-0.5 (56 and 63%, respectively), 0.125-0.25 (33 and 29%), 0.5-1.0 (9 and 7%), >1 (about 1 and 0%), <0.125 (around 1% each), implying that the size range 0.25-0.5 mm dominates the PGM budget of placer deposits. The osmium grains analysed in this study are nuggets (crystals and aggregates) of the most abundant size fraction -0.5+0.25 mm.
Analytical conditions
Analyses were carried out with a Jeol 733 electron microprobe with attached Oxford ISIS (energy dispersive) system at the University of Pretoria. The accelerating potential and beam current were 20 kV and 20 nA, respectively, with acquisition times of 100 s per spot analysis. Spectra were recorded with the highest possible resolution for the pulse processing setting, referenced against Co, and processed for Os, Ir, Ru, Pd, Pt, Rh, Fe, Ni, and Cu. All elements but Os, Ir, and Ru were found to be below the statistically reliable detection limits under the analytical conditions.
Although no comprehensive study of systematic compositional variations within the nuggets was carried out, analyses in the centre and rims were carried out for the grains from Ingaringda, and multiple analysis spots in the grains from Burlakovsky. We obtained 34 analyses from the 16 grains from Ingaringda, and 58 analyses of 9 grains from Burlakovsky
Results

Reflected light observations
Reflected ligt microscopic investigation of the 16 nuggets from Ingaringda revealed that 4 are aggregates composed of 2 to 4 visible grains, while among the 9 nuggets from Burlakovsky, 5 are aggregates with up to 13 sub-grains. is due to Ir. Compositional variations Figure 4 shows the chemical variation encountered in this study. All grains plot in the Os field and thus are native Os, with significant Os -Ir substitution (Fig. 5 ) and a lesser amount of Ru for Os (± Ir). Some overlap exists, but the grains from Ingaringda display a larger range of Os/Ir ratios at higher Ir contents than the grains from Burlakovsky. The ratio between Ru and Ir is rather variable (Fig. 6) , with most analyses from Ingaringda implying Ir/Ru values between 2 and~4, with Ru contents of native osmium from Ingaringda being, on average, higher than those from Burlakovsky. Most of the trends defined by aggregates and grains from Burlakovsky show the same sense of change as defined by 15 analyses from one aggregate (trend 1 in Fig. 7) , i.e., substitution of Os by Ir and Ru with an Ir/ Ru ratio of 2.3. However, 1 grain (trend 2 in Fig. 7 ) and 4 analyses from 1 aggregate (trend 3 in Fig. 7 ) are characterised by slight variations in Ru by less than 0.5 at.% at almost constant Ir. Two additional grains from Burlakovsky do not follow the general trend and imply another trend of increasing Ir contents at constantly very low Ru contents (trends 4 and 5 in Fig. 7) .
The chemical variation within the aggregates from Ingaringda is less pronounced than that in the aggregates from Burlakovsky, possibly because of the smaller number of sub-grains. Tests for compositional differences between the cores of grains and their rims showed a statistically reliable increase in Ir between centre and rim by up to 2 at.% Ir in five grains from Ingaringda, with Ru being constant within analytical uncertainty. Only one grain showed a pronounced drop in Ru-content (by 3.9 at.%) from core to rim (Fig. 8) .
Discussion
Compositional heterogeneity of nuggets
Previous investigations of Os-rich alloys from Guli Massif emphasized the dominant role of native osmium among PGM nuggets in placer deposits (Balmasova et al. 1992; Malitch et al. 2002) . No chemical zoning within PGM grains were formerly presented, whereas in this study small differences in some grains were observed. In all of these cases the rims are slightly enriched in Ir (up to 2 at.%). Figure 3 shows the Ir-contents in two aggregate nuggets from Burlakovsky (see also Fig. 7 ). There is no obvious systematic in the distribution of Ir-contents in these nuggets which would permit an arrangement in chronological order of formation of the individual sub-grains. It is, however, obvious that grains are aggregated, which represent different stages of alloy formation. The sub-grains are Fig. 5 Relationship between Os and Ir in native osmium from the Guli Massif. The small amounts of scatter are due to Ru contents (see Fig. 6 ). There is a significant difference in the average Os/Ir ratio of the two localities Fig. 4 Compositional variation of Os-rich alloys (in atomic proportions) from this study Fig. 7 Native osmium from the Guli Massif, Northern Siberia, Russiaeasily discernible based on their optical orientation and composition within the nugget. Our microprobe study shows that there is very little, if any, chemical equilibration between the sub-grains, i.e. after formation. The compositional variation implies that some fractionation of Os, Ir, and Ru occurred during the growth of the individual grains of native osmium. The compositional differences between sub-grains in some nuggets show that this could not have happened simultaneously. This implies that the reservoir from which they derived had not been homogeneous. This growth step must have been followed by an agglomeration process in which grains of native osmium, formed under varying conditions, were brought together and agglomerated.
To understand the chemical evolution of the native osmium, the crystallization paths and thermal stabilities in the system Os-Ir-Ru are unlikely to provide an answer. Equilibrium phase relations of Os-Ir (i.e., the binary system which approaches the composition of the investigated alloys), as well as Os-Ru and Ir-Ru suggest that these alloys have minimal thermal stabilities close to 2,800°C at surface pressure (Massalski 1993) , which may be lowered only slightly by the presence of Ru. Such temperatures can only be reached close to the core-mantle boundary (Boehler 1996; Sherman 1997) , an environment that has been proposed for other Os-rich alloys (Bird and Bassett 1980; Bird et al. 1999) .
There are no experimental data to permit an evaluation of how Os-rich alloys behave in P-T-t space. Melts which may be the source for zoned complexes (Conrad and Kay 1984; Mues-Schumacher et al. 1996; Brügmann et al. 1997) are unlikely to reach temperatures of even 1,400°C (Arculus 1994; Peacock et al. 1994; Schmidt and Poli 1998) , and it is doubtful whether the degree of sintering as observed in the aggregates is possible at crustal pressures in a rapidly cooling volcanic system at less than half the crystallization temperature of the native osmium. It stands to reason that the textures of the agglomerated aggregates from Burlakovsky are easier to form under conditions of high temperature and high pressure. If it would be assumed that the Guli Massif represents an Uralian-Alaskan type intrusion, and if Uralian-Alaskan type intrusions are the product of arc volcanism (Murray 1972) , then derivation of native osmium from the core-mantle boundary region becomes an unlikely scenario. On the other hand, if the Guli Massif is considered as Aldan-type complex, which may have a translithospheric mantle origin (e.g., Kondyor; Burg et al. 2009 ), these massifs could be well corresponded according to osmium isotope studies (Malitch 1998; Malitch and Kostoyanov 1999; Malitch et al. 2005 Malitch et al. , 2007 . These studies indicated a near-to-chondritic source with no obvious crustal contamination and are therefore in accordance with a deep mantle source of the native osmium.
Chemical zoning has often been frequently observed in Os-rich alloys (Hiemstra 1964; Koen 1964; Cousins 1973 ), but quantification of subtle chemical changes in metal ratios in Os-Ir-Ru alloys has not received much attention. A detailed study of zonation in such alloys (Cabri and Harris 1975) suggested that an increase of Ir towards the rim of nuggets can occur in some cases, but because of the much higher Ir content of the investigated alloys it is not clear if these findings are universally applicable. The observations in this study imply as well, that the evolutionary trend is from low to higher Ir content.
If the formation and derivation of native osmium grains from a deep mantle source are not accepted, then the availability of Os, Ir, and Ru in a magma during the direct crystallization from a melt are more likely to be the controlling mechanism for composition and zonation (Peck et al. 1992) . Then, however, it is also not possible to predict the resulting compositional trends if different types of magma are involved in the formation of the Guli Massif.
There is now irrefutable evidence that nuggets of Os-Ir-Ru alloys formed at high temperatures and that the observed chemical compositional variations represent primary features of the grains (Cabri and Harris 1975; Hattori and Cabri 1992; Peck et al. 1992; Bird et al. 1999; Okrugin 2002) . This implies that the compositional evolution of alloy compositions must be related to the petrological evolution of the source rocks during Os-Ir-Ru alloys formation.
Trends in bulk composition
Previous studies of PGM from the Guli complex (Balmasova et al. 1992; Malitch and Lopatin 1997b; Malitch et al. 2002 Malitch et al. , 2003 contain graphical presentations of chemical features of Os-rich alloys, which are now supplemented with new analyses. The overall variation in Os-rich alloys observed in this study is smaller than the complete range encountered from placers in the Guli Massif to date. This is not surprising considering that this study focussed on a limited number of nuggets from limited areas within the Massif. That the investigated nuggets are of a specific size fraction is unlikely to have an effect on the results, because no relationship between size fraction and composition was observed (Balmasova et al. 1992) . This is also implied by analyses of different size fractions of chromitite from the Guli Massif (Malitch and Rudashevsky 1994) , where Os/Ir ratios vary within analytical uncertainty, although laurite (RuS 2 ) is another Os-and Ir-containing mineral present in chromitite (Malitch et al., 2003) and the placers of this complex (Malitch 1996 Malitch et al. 2002 .
Taking into account the large number of microprobe analyses obtained, two distinct trends of compositional evolution within the alloys have been observed: a trend of Ir/Ru <1 at high contents of Os, and a replacement of Os by Ir at approximately constant Ru contents at slightly lower Os contents (Malitch and Lopatin 1997b; Malitch et al. 2002) . These trends were not observed in the material studied here. Instead, there seems to be always a higher proportion of Ir than Ru substituting for Os, with even very low Ru in some cases. This general statement has, however to be amended to account for observations in individual grains. One grain from Ingaringda (Fig. 8) , as well as one grain and one aggregate from Burlakovsky (Fig. 7) imply the existence of preferred substitution of Os (± Ir) by Ru, but the trends defined by these grains are at variable Os/Ir ratios and are too small to be readily recognised.
Chemical zonation on the granular level reflect changes in conditions during the crystallisation of an individual Os-rich grain, while the change in bulk compositions of sets of grains give indications for the conditions of Os-rich grain formation on a larger scale. The overall trend of compositions in the Os-Ir-Ru system implies a systematic evolution of compositions as a result of the geochemical evolution throughout the Guli Massif.
Resampling statistics (Simon and Bruce 1991; Simon 1997) were used to evaluate to what degree the difference in average Ir-content of the grains from Ingaringda (mean= 17.49 at.%) and Burlakovsky (mean=9.54 at.%) could be due to coincidence. For this purpose, subsets of values in the sizes of the two individual data sets were randomly selected from the combined data set, the average calculated, and the difference between the averages evaluated. In 150,000 simulations it was not possible to even once create a difference larger than 80% of the difference observed in the real analyses, i.e., the error probability for a real difference between the populations is <<0.0007. The systematic difference in morphology and chemical composition of Os-rich alloy grains between the two sample populations at Ingaringda and Burlakovsky have also been noted in a companion study by Malitch et al. (2007) . This variability supported by mineralogical evidence has been attributed to difference in rock sources.
Relationship of average composition with geological parameters
Any attempt to relate the composition of native osmium from placers to petrological characteristics of the source rocks can only be tentatively carried out. Obviously it is not possible to link placer PGM to specific rock types with any degree of certainty, because their source rocks had to be modified to permit release the PGM and to allow their concentration in placers.
It can only be expected that the chemical differences between populations of alloy grains (from different placers) follow the same pattern as on granular level (i.e., decreasing Os/Ir at relatively constant Ru) if it can be assumed that all grains of native osmium formed from the same type of melt. The observation of Ru-depletion trends (at approximately constant Os/Ir ratio, which could be explained by an increase in sulfur fugacity to the level that Ru-rich laurite formed and depleted the reservoir in Ru) and Ir-enrichment with only very low Ru contents (implies formation after substantial laurite formation) shows that additional factors may have been involved.
The Os/Ir values in rock samples (e.g., chromitite, dunite, and wehrlite) from the Guli Massif are between 2.4 and 2.8 (Malitch 1998) . These values are indistinguishable within analytical uncertainties. A distinct difference exists for the Os/Ir value of magnetite clinopyroxenite (3.25). Native osmium with a composition similar to those of grains in the placers was found in dunite (Balmasova et al. 1992; Malitch et al. 2011 ) and chromitite (Malitch et al. 2003 (Malitch et al. , 2011 . Constant Os/Ir ratios imply that the melt(s) or residual rocks, from which these rocks originate, did not differ significantly in their ability to produce native osmium. This in turn makes it possible to assume that the observed zonation in native osmium grains, with increasing iridium contents towards the rim, represents the general sense of evolution within the Guli Massif. Consequently, native osmium with higher Ir contents should have formed after Ir-poor native osmium. This notion is described in some more detail (Malitch et al. 2011) , suggesting that Os-rich alloy grains from chromitite are characterized by higher Ir contents (i.e. Os 66 Ir 28 Ru 5 ) compared to those in dunite (Os 84 Ir 11 Ru 5 ).
Our study demonstrated that the native osmium from Ingaringda has a systematically higher Ir tenor than grains from Burlakovsky. The grains from Ingaringda are therefore assumed to have either crystallized after those from Burlakovsky in a heterogeneous, deep-seated reservoir (from which they were extracted by different magma pulses), or they crystallized at a higher stratigraphic level in the Massif (if crystallization from the same silicate melt is assumed). That native osmium from Ingaringda is richer in Ru than that in Burlakovsky can be explained by fluctuations in sulphur fugacity throughout the evolution of the Guli Massif or their crystallization in the Massif.
The trends with even higher Ir contents (Malitch et al. 2007 (Malitch et al. , 2011 should then represent even further evolved parts of the Guli Massif or may point to distinct bedrock sources, like chromitites, more abundant in the upper parts of the Massif.
Although at present the Os/Ir ratio in native osmium can be tentatively linked to specific source rocks in the Guli massif, there is a need for further research to understand this relationship and to make more concrete predictions about the factors controlling the formation and mineral chemistry of native osmium.
Conclusions
The observations on native osmium from two placer occurrences in the Guli Massif lead to the following deductions:
& Compositional variations in native osmium from the Guli Massif differ significantly between the two studied placer localities. & The agglomerated textures of Os-rich native osmium in aggregate nuggets from Burlakovsky, in which subgrains differ strongly in composition, is considered unlikely to be possible under crustal conditions. It is concluded that they are inherited from the mantle source of the parental melt(s) of the Guli Massif. & The nuggets from Ingaringda with less complex compositional variation in aggregates may have crystallised under crustal conditions from the evolving silicate melt(s).
